A B S T R A C T Isolation of the liver from the circulation of rats eliminates almost completely their ability to convert [1, 2] metabolite, 25-hydroxycholecalciferol (1, 2). This substance is more active than vitamin D3 itself in curing rickets when administered in vivo and acts more rapidly in stimulating the intestinal absorption of calcium as well as mobilization of bone (3).
INTRODUCTION
A major step in understanding the mechanism of action of vitamin D has been the recent identification of its biologically active metabolite, 25-hydroxycholecalciferol (1, 2) . This substance is more active than vitamin D3 itself in curing rickets when administered in vivo and acts more rapidly in stimulating the intestinal absorption of calcium as well as mobilization of bone (3) . Whereas it has never been possible to demonstrate a direct effect of small doses of vitamin D on bone or intestine, 25 -hydroxycholecalciferol has proved to be directly active in vitro in trace amounts on bone resorption (4) and intestinal transport of calcium (5) . These new evidences support the concept that 25-hydroxycholecalciferol may be the metabolically active form of vitamin D3. It is therefore of major concern to determine the site of its biosynthesis.
Investigations in man (6) and in rats (7) have shown that the disappearance of 'H from the plasma after an intravenous dose of tritiated vitamin D3 is interrupted by a very characteristic rebound of radioactivity after 2-4 hr. It has been possible to show that the liver is responsible for this transient increase in plasma radioactivity by quickly releasing into the blood a large porReceived for publication 25 February 1969 and in revised form 22 May 1969. tion of the dose which had been initially cleared from the plasma and accumulated in the liver. At the very same time, 25 -hydroxycholecalciferol starts to accumulate in the plasma and in the tissues (7) . These observations led us to postulate the liver as the site of hydroxylation of vitamin D3 into its active metabolite, 25-hydroxycholecalciferol.
The very high incidence and severity of bone dystrophies in patients with severe liver disease has been associated with a controversy concerning the possible role of the liver in the metabolism of calcium and phosphorus. Impaired intestinal absorption of calcium (8, 9) and vitamin D (10) (11) (12) (13) (14) due to the lack of bile salts has been generally implicated in the etiology of the osteodystrophy. However, several reports indicate that in addition to an occasional poor intestinal absorption of vitamin D, the metabolism and the effects of this vitamin were directly altered by the liver disease. This was based mainly on the higher requirements for vitamin D usually observed in chronic hepatic insufficiency (15) (16) (17) (18) (19) (20) (21) (22) (23) (20) .
More direct evidence that failure of liver function results in an abnormal metabolism of vitamin D in man has been provided by Avioli and coworkers (6) tectomized" rats had a very limited survival, and were sacrificed after 4 hr. As already described, (7, 26) plasma, liver, and the two target tissues of vitamin D action, bones and small intestines, were analyzed for total tritium content after combustion analysis (29) and after lipid extraction in chloroform-methanol-water system (30) . The "chloroform-soluble" metabolites of vitamin Da were separated by chromatography on silicic acid' columns (55 X 1.5 cm). Samples dissolved in 5-10 ml of redistilled petroleum ether (bp 67'C) -were applied on columns and subsequently chromatographed by gradients of solvents of increasing polarity in the given order: (a) exponential gradient obtained by superimposing a holding chamber containing 250 ml of 75%o diethyl ether in petroleum ether on a constantvolume, Erlenmeyer mixing chamber containing 230 ml of 100% petroleum ether; (b) exponential gradient by adding 400 ml of 100%o diethyl ether to the empty holding chamber; (c) exponential gradient by adding to the holding chamber 300 ml of 5%o methanol in diethyl ether; (d) exponential gradient by adding to the holding chamber 200 ml of 50%o methanol in diethyl ether; and (e) batch elution with 200 ml of absolute methanol applied on the column without the intermediate mixing chamber. 
RESULTS
Plasma and tissue metabolites in "hepatectomized" and "intact" rats. Table I shows that there was no difference in the plasma radioactivities and its partitioning between "hepatectomized" (HPX) and intact rats. The presence of 9.6% of the dose in the livers of "hepatectomized" rats whose portal vein and hepatic artery were severed was surprising. Since all peritoneal and visceral adherences were freed during the operation, the most likely explanation is a reflux of blood from the vena cava to the liver through the nonligated hepatic vein. Small intestines and bones of intact rats seemed to contain more tritium and aqueous-soluble radioactivity than the hepatectomized rats but the difference might not be significant.
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"Activation" of Vitamin D by the Liver The data are expressed as per cent of chromatographed radioactivity. Mean 5SEM are given for the plasma of hepatectomized rats. Other data represent values from pooled samples of 4 rats.
It will be reported separately " that the present chromatographic system separates up to 12 distinct radioactive peaks from the chloroform extracts of plasma and tissues after injection of tritiated vitamin D3.
Only peaks I, III, and IV have been so far identified as respectively vitamin Ds esters (33), unaltered vitamin Ds (34), and 25-hydroxycholecalciferol (1, 2). In addition to the most biologicaly active metabolite 25-hydroxycholecalciferol and unaltered vitamin Ds, only the esters and peak II display consistent but smaller antirachitic activity (3, 34, 35) . 3 4 hr after intravenous vitamin D3-'H, most of the radioactivity in the plasma and tissues of intact rats was accounted for by the unchanged vitamin (peak III) and 25-hydroxycholecalciferol (peak IV) (Table II) . In contrast, the proportion of peak IV is vanishingly small in the plasma and tissues of "hepatectomized" animals. The significance of such small amounts is questionable, since it is difficult to clearly define a faint chromatographic peak as shown in Fig. 1 . This figure compares the chromatographic profile of lipid extracts of plasma from one "hepatectomized" rat with that from a pool of four intact rats. The individual chromatographic profiles obtained in each "hepatectomized" rat were very similar as indicated by the small SEM in Table II . It is quite possible that the traces of peak IV observed in our hepatectomized rats originate from the incompletely isolated liver. The radioactivity found in those livers (Table I) suggests that some blood has refluxed in through the nonligated hepatic vein. The minimal amounts of 25- hydroxycholecalciferol thus formed in functionally impaired hepatocytes might find their way out to the plasma as well.
It may be concluded that hepatectomized rats do not hydroxylate a significant proportion of vitamin Ds into 3Ponchon, G., and H. F. DeLuca. Metabolites of vitamin D3 and their biologic activity. J. Nutr. In press. 25-hydroxycholecalciferol. However, the possibility that surgical stress might interfere with the hydroxylation of vitamin Da in other tissues required further investigation.
Plasma vitamin Ds metabolites in "stress" and "shunt" rats. Since 25-hydroxycholecalciferol accumulated mainly in the plasma compartment the following experiments were limited to the plasma. In addition to the evaluation of the surgical stress, the ability of the rats with only a portocaval shunt to metabolize vitamin D The data are expressed as per cent of chromatographed radioactivity. The values are from pooled samples of 3 "stress" and 2 "shunt" rats.
was compared with the "intact" and "hepatectomized" animals. It is evident from (36) (37) (38) (39) , a decrease of these carriers by blood loss likewise might well reduce the proportion of the dose held in the plasma compartment.
"Shunt" rats seem to have a lower level of plasma radioactivity (17.3 and 15.5% of dose) than the "intact" animals. As a result of their smaller conversion of vitamin Da into 25-hydroxycholecalciferol, the quantity of this metabolite in plasma is much reduced (1.0% of dose). DISCUSSION Whereas the role of the mammalian liver as a storage organ for vitamin D is still a matter of debate (40), its function in the early metabolic events of vitamin D becomes more and more evident. Kodicek, Cruickshank, and Ashby (41) were the first to call the attention to the very rapid and large uptake of injected labeled vitamin D by the liver (more than 50% of the dose in 30 min)., This is apparently the case with doses ranging from 0.1 to 1000 isg (26, 42, 43) . The quick release of this radioactivity from the liver strongly suggests an important metabolic function of the liver (7, 40) . Previ-'Mean SEM (number of rats).
ous observations led us to suggest that the liver was responsible for the conversion of vitamin De into its active metabolite, 25-hydroxycholecalciferol (7) .
The present experiments demonstrate that the liver is necessary indeed for the biologic hydroxylation of vitamin Da into its metabolite, 25-hydroxycholecalciferol, in rats. "Hepatectomy" results in an absence of thismetabolite in the plasma and tissues of rats while impaired liver function by portocaval shunt reduced its proportion. That this effect is not due to the metabolic disorders induced by surgical stress is shown by an entirely normal production of 25-hydroxycholecalciferol in sham-operated and bled rats. However, one cannot definitely refute the criticism that metabolic alterations due to acute liver insufficiency itself might interfere with the normal conversion of vitamin D possibly occurring in other tissues. It seems unlikely however that it would result in a total absence of 25-hydroxycholecalciferol. On the other hand the possibility that some tissues other than the liver could hydroxylate vitamin D5 at very high concentrations of vitamin D5 substrate may not be regarded as a physiologic mechanism and is out of the scope of this work.
Theoretically the liver could participate in the formation of 25- (39) is that the liver might liberate vitamin D from its lipoprotein complex and facilitate its binding to specific plasma proteins. These carriers would transport efficiently vitamin D to peripheral tissues where the hydroxylation would occur. However, vitamin D binds also to these proteins when added to serum in vitro, and therefore this function of the liver would not be essential.
Rather, all evidence supports the idea that the liver directly hydroxylates vitamin Da into 25-hydroxycholecalciferol. Previous work (7) has shown that the appearance of 25-hydroxycholecalciferol in plasma is coupled with the release of radioactive material from the liver without a time lag. A delay would have been expected if an intermediary metabolite had been formed. Moreover, work in progress in our laboratory (44) shows that perfused isolated liver of rats converts vitamin Da into 25-hydroxycholecalciferol and in vitro incubation of rat liver homogenate effects the same hydroxylation.
Surprisingly, only a very small proportion of the liver radioactivity is represented by 25-hydroxycholecalciferol, whereas the bulk of it is still unchanged vitamin Da-5H.
"Activation" of Vitamin D by the Liver 2035 Although this proportion increased with time after the injection of vitamin Da-8H, the liver has characteristically a much lower concentration of 25-hydroxycholecalciferol than the plasma, bone, and intestine.' It may be suggested that the accumulation of 25-hydroxycholecalciferol is dependent upon specific receptor sites found in the target tissues but not in the liver (45, 46) . It has long been recognized that severe liver insuffii ciency results in abnormalities of the skeleton and disturbances in calcium-phosphorus metabolism (14-46, 18-23, 47-52) . However, unclear definition of the bone lesions and hepatic disease was a cause of controversy. The skeleton becomes consistently osteopenic with various degrees of osteoporosis and osteomalacia or rickets. Although it appears that osteoporotic changes do not usually respond to vitamin D therapy alone (18, 20, 49, 52), several clinical observations emphasize the higher requirements for vitamin D even in the cases of osteomalacia or rickets (15, 17, (18) (19) (20) (21) (22) (23) . Since osteoporosis and malacia are most often associated we will use the general term of "hepatic osteodystrophy" for the sake of simplicity.
The main question is how the liver is involved in these metabolic disorders. Simple biliary deficiency as encountered in the experimental or clinical biliary fistulae should be distinguished from alteration in the hepatic parenchyma (liver cirrhosis). Unfortunately, severe chronic liver insufficiency usually associates in various proportions with cirrhosis and bile retention. It is now clear that bile salts improve absorption of calcium (8, 9) and are necessary for the absorption of vitamin D (10) (11) (12) (13) (14) . This certainly accounts to a large extent for the osteodystrophy resistant to oral administration of vitamin D observed in biliary obstruction without major liver parenchymal damage or in bile fistulae (11, 47, 53, 54) . However, as pointed out by Atkinson et al. (20) , the evolution of the bone lesions in severe hepatocellular deficiency is much faster than one would expect from simple malabsorption of vitamin D. The authors stated that in such cases "it seems possible that destruction of liver cells may interfere with storage or metabolism of vitamin D." Parenteral treatment with large doses of vitamin D, in addition to other measures, was advocated to match the higher requirements for vitamin D.
In 1934, Greaves and Schmidt showed that vitamin D2 given orally or subcutaneously to jaundiced rachitic rats does not heal the rickets as it does in the normal rachitic animals. But they suggested this was due to metabolic impairment of the osteogenic cells by the jaundice (55) .
The present experiments provide evidence that the liver contributes and (or) is necessary in the rats to the effect of vitamin Ds by converting it into its active form, 25-hvdroxycholecalciferol. Since the metabolic pathway of vitamin D3 appears qualitatively similar (6, 40) we suggest that gross liver insufficiency in man results in a deficient formation of 25-hydroxycholecalciferol or of an equivalent vitamin D metabolite.
